Abstract Background and aims: Increased arterial stiffness contributes to diabetic vascular complications. We identified dietary factors related to arterial stiffness in individuals with type 1 diabetes, a population with high risk of cardiovascular disease. Methods and results: Altogether, 612 participants (40% men, mean AE standard deviation age 45 AE 13 years) completed a validated diet questionnaire and underwent measurements of arterial stiffness. Of these, 470 additionally completed a food record. Exploratory factor analysis was applied to identify dietary patterns from the diet questionnaires, and nutrient intakes were calculated from food record entries. Arterial stiffness was measured by applanation tonometry. Of the seven dietary factors formed, the factor scores of "Full-fat cheese and eggs" and "Sweet" patterns were negatively associated with measures of arterial stiffness. In the multivariable macronutrient substitution models, favouring carbohydrates over fats was associated with higher aortic mean arterial pressure and aortic pulse wave velocity. When carbohydrates were consumed in place of proteins, higher aortic pulse pressure, aortic mean arterial pressure, and augmentation index were recorded. Replacing energy from alcohol with proteins, was associated with lower aortic pulse pressure, aortic mean arterial pressure, and augmentation index. Relative distributions of dietary fatty acids were neutral with respect to the measures of arterial stiffness. Conclusion: The macronutrient distribution of the diet is likely to affect the resilience of the arteries. Our observations suggest that reducing energy intake from carbohydrates and alcohol may be beneficial. These observations, especially those dealing with dietary patterns, need to be confirmed in a longitudinal study.
Introduction
Stiffening of the arteries precedes manifest hypertension, significantly contributes to the development of cardiovascular disease (CVD), and is an independent predictor of all-cause mortality [1] . Individuals with type 1 diabetes (T1D) have high risk of both CVD and mortality [2] . We have previously shown that diabetic nephropathy is not only associated with increased arterial stiffness [3] , but also increases the risk of premature death in individuals with T1D [4] . Importantly, even nephropathy-free individuals with T1D exhibit signs of arterial stiffening compared to non-diabetic controls [3] . Due to the early manifestation of such changes in the vasculature, it is important to identify modifiable risk factors.
Diet has the potential to influence arterial stiffness. Amongst the beneficial dietary components are omega-3 fatty acids, soy isoflavones, and bioactive peptides, while limited but consistent evidence suggests that sodium chloride and acute caffeine consumption may be harmful [5, 6] . The health effects related to food intake, however, likely extend beyond those of isolated nutrients or food items. Indeed, to better capture the complexity of the dietary intake, the role of dietary patterns in vascular health has also been investigated. Here, Mediterranean diet interventions, for example, have been shown to improve endothelial function [7] and reduce the incidence of major cardiovascular events [8] . Instead, Western type of diet, high in carbohydrates, fats, and red meat, but low in fruits and vegetables, has typically proven more detrimental to the vasculature [9] . Finally, along with the renaissance of the Atkins' ideology and increase in the popularity of the low-carbohydrate high-fat diets, there has also been some interest in the role of macronutrient distribution on vascular health. In their review of studies investigating the effects of diets on the vascular integrity, differing in carbohydrate and fat distributions, Gregory et al. found no clear difference between high-carbohydrate and high-fat diets [10] . Instead, they concluded that the amount of literature is sparse and further investigation is necessary. Interestingly, in two more recent papers, similarly conflicting results were presented, as one study reported increased arterial stiffness in response to a highcarbohydrate diet [11] , whereas another study connected compromised vascular reactivity to high fat and high protein intakes [12] .
The aim of this study was to identify dietary components associated with arterial stiffness among individuals with T1D. As measures of dietary exposure, we used factor analysis-derived dietary patterns, and macronutrient substitutions.
Methods

Study population
The study subjects, in these cross-sectional analyses, were individuals with T1D participating in the nationwide Finnish Diabetic Nephropathy (FinnDiane) Study. T1D was assumed if age at onset was <35 years and permanent insulin treatment was initiated within one year of the diagnosis. Measures of arterial stiffness have been obtained from a number of participants investigated at the Helsinki University Hospital (n Z 867). Of these individuals, we included those with an estimated glomerular filtration rate (eGFR) !30 ml/min/1.73 m 2 , who had either completed a diet questionnaire (n Z 612) or a food record with plausible energy intake (n Z 470). The study was conducted according to the Declaration of Helsinki and the protocol was approved by the Ethics Committee of the Helsinki and Uusimaa Hospital District. The study subjects provided written informed consent prior to participation.
FinnDiane Study visit
At the FinnDiane Study visit, the participants' height and weight were measured in light clothing. These measurements were used to calculate body mass index (BMI; kg/ m 2 ). Early morning blood samples were drawn for creatinine, lipid, lipoprotein, and HbA 1c analyses, completed at the central laboratory of the Helsinki University Hospital. As study participants were individuals with T1D, fasting was not required. A light breakfast was allowed in order to prevent or treat hypoglycaemia. The eGFR was calculated using serum creatinine and the CKD-EPI formula [13] . Individuals with significant renal impairment (eGFR <30 ml/min/1.73 m 2 ) were excluded due to the wellknown effect of severe renal disease on the vasculature and on the diet. Smoking was self-reported, and current and non-smokers were distinguished.
Arterial stiffness
Following a minimum of 5-min rest, arterial stiffness was assessed with applanation tonometry (SphygmoCor; Atcor Medical, Sydney, Australia). Applanation tonometry is a non-invasive method to measure arterial stiffness. We recorded the pulse wave from the radial artery of the right arm, using a high-fidelity micromanometer (SPT-301; Millar Instruments, Texas, USA). From these recordings, the SphygmoCor software created a model of the central pressure waveform, and calculated the heart rate-adjusted augmentation index. For measuring arterial stiffness in the large and intermediate-sized arteries, carotid-femoral and carotid-radial pulse wave velocity (PWV) pressure waveforms were recorded sequentially at the carotid, femoral, and radial arteries. With a simultaneous ECG recording of the R wave as the reference frame, the software calculated the PWV. Median of three measurements was used in the analyses.
Dietary intake
Two separate methods to study dietary intake, in the FinnDiane Study, are used. First participants completed a structured diet questionnaire and thereafter a 3-day food record twice. Embedded in the validated [14] diet questionnaire was a food frequency questionnaire (FFQ), including 19 most common foods consumed in Finland (fish dishes, meat dishes, poultry, sausages and cold cuts, eggs, legumes, fresh vegetables, cooked vegetables, potatoes, pasta and rice, fruits and berries, full-fat cheese, low-fat cheese, yoghurt and curd, ice cream, soft drinks, sweet pastries, sweets and chocolate, and fried foods). The participants reported the consumption frequencies of these items on a seven-level scale ranging from multiple times per day to never. These entries were transformed into pseudo-continuous variables describing the monthly consumption (i.e. "once a day" was recoded as "28", and "once a week" as "4"). The recoded values were submitted to factor analysis. The two food records, each comprising 2 week day and one weekend day, were allocated with a 10-week interval in order to capture seasonal variation in the dietary intake. The participants were instructed to report in detail all foods and drinks consumed over the recordkeeping days. Emphasis was put on keeping the dietary practises as habitual as possible. Energy and macronutrient intakes were calculated using AivoDiet software (version 2.0.2.3, AIVO, Turku, Finland). Data from individuals with a minimum of 3 days of food records, reporting a mean daily energy intake between 5021 kJ and 14,644 kJ (1200e3500 kcal), were included in the analyses.
Statistical analyses
Descriptive statistics are reported as percentages for categorical data, mean AE standard deviation for parametric continuous data, and median (interquartile range) for nonparametric continuous data. Spearman's rank correlation coefficient was calculated to investigate the correlations between the dietary variables and the measures of arterial stiffness.
Underlying dietary patterns, from the FFQ, were identified using exploratory factor analysis (maximal likelihood and varimax rotation). The number of factors identified was based on eigenvalues >1.0, and items with a factor loading j!0.20j with a particular factor, were included. The factor score was the sum of the scores for all items associated with that particular factor multiplied by its corresponding factor loading. These factor scores were treated as continuous variables in the generalized linear regression analyses when investigating their associations with the measures of arterial stiffness.
The independent associations between macronutrient intakes and arterial stiffness were investigated using nutrient density substitution models. Here, one macronutrient (per 5 E%) at a time was treated as an independent variable in the generalised linear regression analysis. Selected confounding variables, total energy intake, and all but one of the remaining macronutrients were entered as covariates. The obtained results can be interpreted as a change in the outcome variable (arterial stiffness), when energy intake from the independent macronutrient is increased by 5 E% at the expense of the macronutrient that was omitted from the model.
A two-tailed P value < 0.05 was considered statistically significant. All data were analysed using IBM SPSS Statistics for Windows, Version 22.0 (IBM Corp, Armonk, NY, USA).
Results
Altogether, 612 individuals completed the diet questionnaire, and 470 submitted food records with plausible energy intake (Table 1) . Of these 93% and 95%, respectively, had eGFR values at the range of normal/high or mildly decreased (!60 ml/min/1.73 m 2 ). Due to the low number of individuals with eGFR values in the range of 30e59 ml/ min/1.73 m 2 , data were analysed pooled. However, eGFR was included as a cofactor.
Dietary patterns
Using factor analysis, seven dietary patterns were identified and intuitively named, based on the included food items ( Table 2 ). The correlations between the factor scores and measures of arterial stiffness are shown in Supplementary Table 1. In the multivariable model, the factor scores of the "Full-fat cheese and eggs" diet pattern, were negatively associated with aortic pulse pressure and aortic mean arterial pressure (Table 3) . The "Sweet" pattern's factor scores were negatively associated with aortic pulse pressure, aortic mean arterial pressure, and augmentation index. The "Modern" factor scores were negatively associated with aortic pulse wave velocity.
Energy and macronutrients
Carbohydrates provided the majority of dietary energy, followed by fats, proteins, and alcohol ( (Table 5) . These results may also be interpreted reversely, thus increasing fat intake at the expense of carbohydrates is associated with lower mean arterial pressure and aortic pulse wave velocity. Favouring carbohydrates over proteins was related to higher aortic pulse pressure, aortic mean arterial pressure, and augmentation index, while favouring fats over proteins was associated with higher augmentation index. Reducing energy intake from alcohol while increasing that of proteins was associated with lower aortic pulse pressure, aortic mean arterial pressure, and augmentation index. The relative distributions of fatty acids were not associated with the measures of arterial stiffness. The significant results from the macronutrient substitutions are also presented in the Supplementary Fig. 1 .
Discussion
As indirect markers of arterial stiffness we measured aortic pulse wave velocity, augmentation index, aortic mean arterial pressure, and aortic pulse pressure from individuals with T1D and investigated the association between these markers and dietary intake. With respect to the dietary intake, our approach was twofold; we explored both dietary patterns and macronutrient substitutions. Of the seven dietary patterns formed, the "Full-fat cheese and eggs", and "Sweet" were associated with better vascular health. Analyses of the macronutrients revealed that substituting carbohydrates for either fats or proteins was associated with elevated arterial stiffness. Increasing energy intake from proteins at the expense of alcohol, on the other hand, was beneficial for the vasculature. While the above results dealing with the "Sweet" pattern and carbohydrate intake, may seem conflicting at first sight, important distinctions between the methods used to measure these variables need to be acknowledged. The questionnaire, used to identify dietary patterns, measures how frequently the participants have consumed the given food items over the period of the previous month. Instead, the food record provides more detailed information of the actual amounts of foods consumed over Generalized linear regression. Data are presented as B (95% CI). All models are adjusted for age, sex, eGFR, smoking, body mass index, and other diet factors. *P < 0.05, **P < 0.01, ***P < 0.001.
the three record-keeping days. Moreover, "sweet food items" are not the sole source of carbohydrates, but they are also obtained from sources such as fruits, berries, vegetables, grains, and milk products. Thus, the data collected with these two methods, and the variables calculated from these data, are not directly comparable.
The association between various dietary patterns and vascular health has previously been investigated. In one of these studies, stiffening of the carotid arteries was associated with lower levels of adherence to the Mediterranean dietary pattern in early life [15] . In a meta-analysis, a low-sodium diet, emphasizing the intake of vegetables, fruits, whole grains, lean meats, and low-fat dairy, revealed a profitable reducing effect on both the systolic and the diastolic blood pressure [16] . In another metaanalysis, adherence to a healthy/prudent dietary pattern was associated with reduced risk of coronary heart disease, while an increased risk was related to a Western diet pattern [9] . Some studies have associated high intake of fruits and vegetables [17] or interventions with plantderived compounds [18] with reduced levels of arterial stiffness. In contrast, an 18-week intervention with increasing amounts of fruits and vegetables did not improve pulse wave velocity or augmentation index in high CVD risk individuals [19] . Similarly, a 12-month intervention aimed at increasing consumption of fruits, vegetables, and dairy, did not improve arterial stiffness in individuals with diabetes [20] .
In the light of the previous observations, our current results dealing with the dietary patterns are somewhat puzzling. Methodological differences between studies may contribute to some of the diverging observations. As previously discussed, in the FFQ only the frequencies of consumption are reported, which may not directly translate to the amounts of foods consumed. Another potential explanation is the use of exploratory factor analysis to form the patterns from the FFQ-entries. That is, unlike in the DASH diet pattern [16] for example, no prior assumptions regarding the food items which should be included in each pattern are made. The differences in the methods aside, we were unable to identify plausible biological mechanisms to explain why the "Full-fat cheese and eggs" and especially the "Sweet" diet patterns would be beneficial to the vasculature. Instead, we argue that our observations may be burdened by the cross-sectional study design, and despite adjusting the models for variables known to be associated with vascular health, residual confounding by factors not taken into account remains a likely explanation.
Fat and saturated fat consumption have traditionally been connected with poor vascular health [21] . In their meta-analyses of prospective studies [22] and randomized controlled trials [23] Harcombe et al. reported, however, that neither total fat nor saturated fat intake is associated with adverse cardiovascular outcomes. In concordance with these reports, substitutions between different fatty acids proved neutral with respect to the measures of arterial stiffness, in the current study. Instead, we observed that increasing fat intake over carbohydrates was associated with lower aortic pulse pressure, aortic mean arterial pressure, and augmentation index, while increasing protein intake over carbohydrates was associated with lower aortic mean Generalized linear regression. Data are presented as B (95% CI). Models are adjusted for age, sex, eGFR, smoking, and body mass index. In each model, one of the macronutrients is an independent variable, while one of the macronutrients is excluded from the model (mentioned in the parentheses). The remaining macronutrients and total energy intake are covariates. The B represents an increase (if positive) or decrease (if negative) in the measures of arterial stiffness when the intake of the independent macronutrient is increased by 5% of total energy at the expense of the excluded macronutrient. CHO, carbohydrate; SAFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. *P < 0.05, **P < 0.01.
arterial pressure, and aortic pulse wave velocity. Our observations are supported by Chan et al. who showed an independent association between a high-carbohydrate diet and increased pulse wave velocity in individuals with established CVD [11] . The precise mechanism through which carbohydrates could contribute to the arterial stiffness is not known. A number of reports have, however, suggested that reducing either carbohydrate intake or the glycaemic load of the diet could be beneficial [24e26] . Amongst others, abundant intake of carbohydrates is related to increased serum triglyceride concentrations and reduced levels of HDL-cholesterol [24, 25] . Moreover, a high-carbohydrate diet has been associated with increased blood pressure [11] , and increased levels of inflammatory markers [27] and oxidative stress [28] . Finally, increasing energy intake from proteins at the expense of alcohol, was beneficially associated with markers of arterial stiffness, in the current study. We are not aware of any other studies comparing the effects of alcohol and protein intakes on the arterial stiffness. However, in a large cross-sectional study, higher protein intake was associated with lower arterial stiffness [29] . The investigators attributed these beneficial effects to vasoactive amino acids; glutamic acid, leucine, and tyrosine, in particular. Alcohol consumption, on the other hand, increases the risk of hypertension in a dose-dependent manner [30] , and is associated with increased arterial stiffness [31] .
The strengths of the current study include a large sample of well-characterized participants with T1D, rigorous assessment of arterial stiffness, and use of validated methods to study dietary intake. The cross-sectional design limits us, however, from making conclusions about causality. Moreover, the use of self-report method to study dietary intake may be a source of bias, as the very act of reporting dietary intake likely influences what participants eat over the record-keeping days. Also the replies could be influenced by factors such as social desirability, as food items generally considered unhealthy may have been underreported. Some selection bias may be evident as healthier individuals or those more interested in their health are likely to be over-represented. Upon investigating whether individuals providing and not providing dietary data differed somehow, we observed no difference in age, diabetes duration, smoking, BMI, total cholesterol, glycaemic control, heart rate, aortic pulse pressure, and augmentation index (Supplementary Table 2 ). However, as we excluded individuals with markedly reduced renal function, the ones not included in the analyses had more frequently diabetic nephropathy. This was also reflected in a higher proportion of men, less favourable HDL-cholesterol and triglyceride panel, higher blood pressure, and higher aortic pulse wave velocity among the excluded individuals. Our observations may not, thus, be generalizable to those with markedly reduced renal function. Finally, despite multivariable modelling, the possibility of residual confounding related to unmeasured confounders cannot be excluded.
With the above limitations in mind, our observations suggest that reducing energy intake from carbohydrate, and replacing it with energy derived from proteins or fats is associated with better vascular health, measured as arterial stiffness, in individuals with type 1 diabetes. A beneficial association was also seen with increased intake of energy from proteins at the expense of alcohol. Importantly, for these observations, reasonable mechanisms could be identified from the literature. Instead, the current results dealing with the dietary patterns should be interpreted with caution as a number of methodological issues may have impacted these observations. The data collected in this study will, however, serve as a baseline for the future analyses where we will investigate the longitudinal associations between dietary intake and vascular health.
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